Introduction

67
Sleep is an integral part of our lives, and research has accumulated strong evidence regarding its importance 68 for maintaining health [1] . In particular slow wave sleep (SWS) supports crucial immunological, endocrine, 69 metabolic, and cognitive functions [2] [3] [4] [5] [6] . For instance, the intricate interplay of its hallmark <1 Hz slow 70 oscillations (SOs) and 12-15 Hz fast spindles facilitates sleep-dependent memory consolidation by 71 orchestrating the transfer of newly acquired information into long-term storage and the strengthening of 72 memory traces [7] . Likewise, the ability to acquire novel information is contingent on priorly obtained SWS [8-73 11].
74
Sleep quality naturally declines during both healthy and pathological ageing [12] . Linked to age-related neural 75 atrophy, the number and amplitude of SOs decreases, and overall power in the 0.5-4 Hz slow wave band is 76 strongly reduced [13] [14] [15] [16] [17] . Moreover, decline in SWS during later-life brain ageing predicts deterioration of 77 memory abilities [18] . In older adults, the benefit of sleep for consolidation is either reduced or non-existent 78 [19] [20] [21] [22] . Furthermore, shallower sleep is associated with less successful encoding of novel information post-79 sleep in healthy older individuals [10, 23] .
80
Experiments to counter such impairments by enhancing sleep are highly topical and have been successfully 81 trialled with several stimulation modalities [24] [25] [26] [27] [28] . Auditory closed-loop stimulation has proven to be a 82 particularly promising technique [29] , which consists of detecting endogenous SOs and applying brief auditory 83 stimuli during their positive peaks. This method has been shown to induce both SO and fast spindle activity, 84 thereby boosting performance on a declarative memory task in young adults overnight [29] [30] [31] [32] [33] . However, 85 mixed effects were found in healthy older adults [34, 35] , and the extent to which stimulation effects depend 86 on age and beneficially impact on other forms of memory in older subjects are presently unknown. In the 87 current study, we investigated whether an auditory closed-loop stimulation targeting SOs in a group of older 88 adults would likewise enhance sleep oscillations, declarative and procedural memory consolidation, as well as 89 post-sleep encoding abilities. Furthermore, by drawing on a previously reported dataset of healthy young 90 adults who showed substantial memory benefits from the same stimulation protocol [29] , we directly 91 compared physiological stimulation effects between these two age groups. 
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Seventeen healthy volunteers (9 female) aged 49 to 63 years (mean ± SEM = 55.7 ± 1.0) with no history of 95 psychological, neurological, or sleep disorders were recruited. All were non-smoking, native German speakers 96 and had followed a regular sleep/wake schedule for four weeks prior to participation. Subjects were screened 97 for good hearing (3-digit hearing test) and no signs of mild cognitive impairment (score ≥ 24/30 in the 98 Montreal Cognitive Assessment), nor excessive daytime sleepiness (Epworth Sleepiness Scale, mean ± SEM 99 score = 10.83 ± 0.91). The experiment received ethical approval from the Universities of Tübingen and 100 Manchester. All subjects gave informed written consent before participation.
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In order to compare electrophysiological effects of auditory closed-loop stimulation in our older cohort to a 102 younger population, we took advantage of a previously published dataset [29] . This consists of 11 healthy 103 young adults (8 female, mean ± SEM age = 24.2 ± 0.9 years), who fulfilled matching participation requirements 104 and underwent identical stimulation procedures. 105 106 2.2 Experimental design and procedure 107 An initial adaptation night accustomed subjects to sleeping in the sleep laboratory, and was followed by at 108 least one recovery night at home. In a within-subject design, subjects then spent two counterbalanced 109 experimental nights in the laboratory (Fig. 1A) , undergoing one experimental stimulation (Stim) and one 110 control condition without stimulation (Sham) each and at least 7 nights apart. On experimental days, subjects 111 were instructed to wake at 7 am, not consume any alcohol within the prior 24 hours, and not ingest caffeine 112 after 2 pm. Upon arrival at the sleep laboratory at 8 pm, subjects were prepared for polysomnography. They 113 then performed a psychomotor vigilance task (PVT), followed by a declarative paired associate learning (PAL) 114 and procedural finger-tapping (FT) task. Prior to bedtime at ~11 pm, they completed the Stanford Sleepiness 
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Germany) with scalp electroencephalogram (EEG) electrodes positioned according to the international 10-20 123 system at F3, Fz, F4, C3, Cz, C4, P3, Pz, P4, all referenced to linked mastoids. One ground electrode was placed 124 on the forehead. Impedances were kept below 5 kΩ. EEG data were sampled at 500 Hz and saved on a 125 computer for later analyses. In addition to the above setup, an additional six electrodes were attached to 126 record horizontal and vertical electrooculography, and electromyography for standard polysomnography. for the fast spindle response, we determined the ratio of the largest peak in the fast spindle RMS signal 162 between 0.5 and 1.5 s after each stimulus to a baseline value obtained between -0.5 and 0.5 s centred around 163 the first click ( Fig. 3C ). Furthermore, to evaluate the impact on spindle refractoriness, we calculated the 164 difference in the mean fast spindle RMS activity derived from a pre-stimulus interval between -2 and -1.5 s and 165 late post-stimulus interval between 2.5 and 3 s with respect to the 1st click ( Fig. 3D ).
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Sustained stimulation effects were examined by spectral analysis during SWS using Fast Fourier 167 Transformation (based on 8.2 s segments with 50% overlap and a Hanning window) across the 3.5-h 168 stimulation period. SO peak frequency between 0.5-1.25 Hz as well as the mean power in the 12-15 Hz fast 169 spindle range were then determined. SO peak frequency was chosen as a measure to fully capture the 170 displayed SO frequency variance in the older cohort. Moreover, we detected discrete SOs during SWS epochs 171 across the entire night based on previously described algorithms [39,40] (see supplementary materials for 172 details). The number of offline detected SOs was then determined for the ~3.5 h stimulation period.
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Furthermore, for the same period, we calculated the mean SO peak-to-peak amplitude, and phase-locked fast 
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We next set out to examine the electrophysiological responses to the stimulation and made use of an existing 217 EEG dataset from a young adult cohort (see section 2.1 for details), allowing for direct contrasting between the 218 two age groups. Averaging the EEG signal time-locked to the first stimulus revealed that the SO rhythm was 219 prolonged by two additional cycles in older subjects ( Fig. 2A ). However, a comparison to the younger cohort 220 ( Supplementary Fig. 1A ). To 223 quantify this observation, we determined within each cohort the difference in amplitude between the 224 10 detected endogenous SO trough and the evoked troughs following both the first and second click in the 225 stimulation condition only (Fig. 2C ). This revealed a clear difference in trough amplitudes between age groups 226 (F(1,26) = 5.91, P = 0.022 for the age-group x SO trough interaction). A follow-up examination for each age 227 group showed no difference between the amplitudes of endogenous and elicited SO troughs in young adults (Fig. 3A) . This was absent from the second induced up-state (at ~2 s post-stimulus), mirroring the 250 pattern previously observed in young adults (Fig. 3B ). However, similar to the overall evoked response shown 251 earlier, the initial increase in fast spindle power was diminished in the older population when directly 252 compared to the younger cohort (see Supplementary Fig. 1B) . To determine the difference between 253 endogenous and elicited fast spindle responses in both age groups, we next calculated the difference between 254 the endogenous fast spindle peak, i.e. at the time of the first click presentation, and the induced fast spindle 255 peaks (~1 and 2 s post-stimulus) within each cohort in the stimulation condition. This analysis first indicated an 256 overall difference between age groups (main effect 'age group' with F(1,26) = 4.46, P = 0.044), and, secondly, a 257 difference in change in topography across induced spindle peaks (F(1.99, 51.75) = 3.81, P = 0.029 for the 258 spindle peak x topography interaction). A decomposition into the two age groups to explore the topographic 259 pattern of the first induced response (compared to the baseline peak) revealed a similar response strength 260 during the endogenous and first induced spindle peak in the older cohort (F(1,16) = 0.017, P = 0.899, Fig. 3C ).
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In the younger group by comparison, this induced spindle response was almost twice the size of the preceding 262 endogenous baseline peak (F(1,10) = 6.87, P = 0.026).
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With regard to the absence of a spindle response following the 2nd click, the older subjects exhibit a pattern 264 similar to the young group in terms of a strong subsequent suppression of fast spindle power. However, a 265 closer visual inspection of the older cohort (Fig. 3A) suggests that such suppression is also present in the Sham 266 condition and may continue for a longer duration after the first SO than in younger adults. To examine these 267 potential differences in spindle refractoriness induced by the stimulation between age groups in more detail, 268 we contrasted spindle RMS activity obtained before (t = -2 to -1.5 s, "pre") and after (t = 2.5 to 3 s, "post") 269 acute double-click stimulation (Fig. 3D) , and found a significant difference in its spatiotemporal pattern 270 (F(2.26,38.47) = 5.10, P = 0.008 for the interaction of spindle window (pre vs. post x topography x age)). A 271 consecutive decomposition into separate age groups showed that while our young subjects did not exhibit 
Opposite overall effects of stimulation on SOs and fast spindles between age groups
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In order to assess the overall influence of the stimulation irrespective of click presentations, we next turned 294 our attention to spectral power and also identified discrete SO events post-hoc within the entire stimulation 295 period. 296 13 For spectral SO peak power, we found a striking difference between the cohorts (F(1,26) = 17.67, P < 0.001 for 297 the age group x condition interaction). This effect was in particular mediated by an overall stimulation-related 298 increase in SO peak power in the younger subjects (main effect for condition with F(1,10) = 22.73, P < 0.001, 299 Fig. 4A ), but not the older subjects (F(1,16) Supplementary Fig. 1C top and bottom) . Interestingly, examining the occurrence of SO events with event-310 histograms revealed no sustained prolonging of SO trains by the stimulation in older compared to the young 311 adults ( Supplementary Fig. 1D ). Together, these results confirm a non-resonant SO response in the ageing 312 brain.
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Finally, we investigated the co-occurrence of SO and sleep spindles during the stimulation period, given their Table 1 contains the general sleep parameters for the older group (please see Supplementary Table 1 
